An image processing system has been developed for a Macintosh II personal computer. It is designed to process sequences of sagittal tongue sections that are digitized in real time and stored in standard tagged image file format (TIFF). The successive processing steps are: (a) a low-pass filter for noise reduction, (b) a resampling of the sector of interest in polar coordinates, (c) a matched filter (vertical differentiator) for the enhancement of the tissue/air interface in the surface region of the tongue, and (d) an extraction of border points by searching for an optimal radial path along the angular dimension. This latter task is achieved by dynamic programming, which has the following advantages. First, due to the use of a global criterion to guide the detection, it is very robust. Second, as a result of certain restrictions of the allowable transitions, the extracted contours are smooth. Finally, the method permits the specification of particular predefined contour points. This system was implemented in a program that can handle image sequences in a fully automatic mode. Results obtained using ultrasound data are presented.
INTRODUCTION
Imaging techniques such as magnetic resonance imaging (MRI), computed tomography (CT), or x-ray provide valuable tools for the study of the configurations of the vocal tract (Baer et al., 1987 (Baer et al., , 1988 Johansson et al., 1983; Keller and Ostry, 1983) . Ultrasound, in particular, is an attractive way to monitor the movement of the tongue as it allows for measurements of time-varying features, and does not expose the subject to radiation (Stone et al., 1987 (Stone et al., , 1988 Watkin and Rubin, 1989; Stone, 1990) . However, quantification of these data using personal computers has been slow and tedious, and, for these reasons, usually limited to specific target images. The purpose of this paper is to address the problem by providing a method to automate and increase the speed of analysis of ultrasound images of the tongue using a PC based system. The ultimate goal is to analyze every single frame.
Ultrasound images of the tongue are usually quite noisy. Further, they exhibit a number of high-contrast edges unrelated to the structure of interest. In addition, the edge corresponding to the tongue surface may be interrupted in places. Accordingly, the automatic detection of these borders is by no means a trivial task to be solved by standard image processing technique's, e.g., gray-level thresholding, segmentation or edge detection (Pratt, 1978; Jain, 1989) . Consequently, it was necessary to develop specific processing methods. Previous work designed to detect myocardial borders in M-mode echocardiograms provided a basis for approaching this problem (Unser et al., 1989) .
In our design, the image processing system is modular; it is represented schematically in Fig. 1 . The first component is a preprocessing unit that reduces noise. The second step is a change of spatial coordinate system that a.lso provides the delimitation of the area of interest. The next component is a matched filter that enhances the air/tissue interface. Finally, a contour tracking algorithm extracts the tongue's surface by making explicit use of connectivity and :smoothness constraints.
I. IMAGE PROCESSING SYSTEM
The purpose of this section is to describe the different components of the image processing system in Fig. 1 A standard approach for noise reduction is to apply a lowpass digital filter such as a moving average. An example of a typical tongue profile before and after low-pass filtering is shown in Fig. 2 Fig. 2 . In this example, the coordinate system was specified interactively by the user. This task involved clicking on three points along the contour in order to define the geometry, and then making a radial selection with the computer's mouse, specifying the area of interest in terms of its minimum and maximum radii. In a typical sequence of ultrasound images, this initialization procedure needs to be performed only once, and the parameters of the coordinate system are kept fixed during the rest of the analysis. This procedure can be readily adapted for many other geometrical transformations.
C. Matched filter
On the ultrasound image, the bright light central line is the reflection of the air at the surface of the tongue. The tongue surface itself is the intersection of that line and the dark area immediately beneath. In order to enhance the tissue/air interface, we use a standard matched filter technique (Jain, 1989 ) . As the change of coordinate system is intended to flatten the tongue surface horizontally, the filtering is performed selectively in the perpendicular (vertical) dimension.
To a first approximation, the contour of the tongue surface can be approximated by a step function. Thus the location of the corresponding edge can be detected by using a convolution detector of the form up(i,j ) =gp(i,j--1) --gp(i,j + 1),
where up (i,j) denotes the output of the matched filter. In essence, this operation is a vertical differentiation; it will produce a maximum when there is a sharp vertical transition from black to white, as illustrated in Fig. 3 
D. Contour tracking
There are several special requirements for the design of the present contour tracking algorithm. The first constraint is that we are interested in extracting a single contour segment outlining the tongue surface; all other edges in the image need to be ignored. Second, the algorithm has to be able to accommodate to high noise levels. Third, the extracted contour points need to be connected--the algorithm should fill-in contour gaps. Fourth, the procedure should produce a smooth contour line.
A convenient way of dealing with all these issues simultaneously is to reformulate the present task as an optimization problem:
Among all allowable contour segments T k satisfying particular prescribed connectivity and smoothness constraints, find the one that maximizes some criterion •( Tk ). 
•T k •-{(3,1), (3.2), (2.3), (2.4), (2.5), (3,6), (3.7) , (4.8)} (angles) The dynamic programming procedure described above is readily adapted to those cases in which particular grid points are required to be on the path. Such constraints may be provided in particularly difficult images for which the unconstrained algorithm has failed. In such a case, the global trajectory is divided into subsections, each of which is specified by a start and end node prescribed by the operator, A typical image processing session involves the following manipulations. The experimenter first selects a representative image in the sequence that will be used to define the spatial coordinate system, as described in Sec. I (2. This image is read using the Open TIFF command under the File menu. The preprocessed image is obtained by activating the Region of interest command, which prompts for a rectangular selection, and Reduce which shrinks the input image by a factor of two. Next, the user defines the local geometry and an area of interest by executing the Polar system and Radial sector operations. The next step is to extract the contour of the tongue surface, achieved through the Matched filter and Tracking commands. At this stage, the extracted contour segment is superimposed onto the input image. At the operator's option, the detected contour can be smoothed by selecting Smooth contour, which applies a Gaussian low-pass filter to the contour sequence in polar coordinates. Finally, the user can specify a full image sequence using the Define sequence command. This sequence is then analyzed automaTically by executing the macro command which processes all images successively. When operating in macro mode, all user input is suppressed and the program uses default parameter values that replicate the previous manual input. At the end of processing, the extracted contour segments are saved by selecting the contour window and choosing the Save as ... commands. Unacceptable contours, determined by visual inspection, can be remeasured individually.
Additional features of the program include the ability to generate figures and to extract contour features such as the center of gravity or the radius of the best approximating circle. Further, the user can combine several contour segments into an average profile. What may be the most valuable feature of our system is its ability to handle dynamic image sequences in a quasiautonomous fashion. In most cases, the user need only specify the local geometry and area of interest on the first image of the sequence; all subsequent computations can be performed in batch mode. Figure 9 displays two examples of such an analysis.
III. RESULTS AND DISCUSSION

A. Experimental results
Experimental
In Fig. 9 (a) One way of improving the present scheme may be to include the temporal dimension in the formulation of the contour tracking problem to insure the continuity of the contour displacement from frame to frame. Such an extension of the work would enable "bridging" a short time period of very low image quality. The less fortunate aspect is that it would result in an increase of complexity by several orders of magnitudes, at least, if one uses dynamic programming. Fortunately, this type of improvement does not seem to be necessary for most practical applications: It is clear from our experiments that the present algorithm is adequate for ultrasound data of reasonable quality.
IV. CONCLUSION
In this paper, we have described an image processing system that allows an automated detection of the tongue surface in sequences of ultrasound images. This system has been implemented by "user-friendly" special purpose image processing software that runs on any Macintosh II personal computer. One of the key components is the contour extraction algorithm that uses dynamic programming optimization.
The present analysis method exhibits the following advantageous features. The contour tracking algorithm has built-in smoothness constraints. The contour detection is robust and the system is capable of handling relatively high levels of noise. The approach is fast and offers reproducible analyses. It can handle large amounts of data and process whole sequences of images in a fully automatic mode, although the detection can be readily constrained by specifying a small number of contour points.
Finally, the present method should also be applicable to other tongue imaging modalities such as x-ray, computed tomography and magnetic resonance imaging.
APPENDIX: POLAR COORDINATE SYSTEM FITTING
We first consider the problem of finding the center (Xo,Yo) and radius R of a circle that goes through three refer-
